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Based on the Bell theorem, it has been believed that a theoretical computation of the Bell 
correlation requires explicit use of an entangled state.  Such a physical superposition of 
light waves occurs in the down-converter light sources used in Bell experiments.  
However, a physical separation of the waves occurs when they propagate to spatially 
separated detectors. This suggests that it must be possible to compute the Bell correlation 
using local waves and source boundary conditions without explicit use of an entangled 
wave representation.  In the present model, Bell correlations are computed from separated 
waves assuming conditions of nonlinear optics and properties of single photon states 
specified by quantum electrodynamics. Interference effects between photon-excited 
waves and photon–empty vacuum waves are assumed, related to the wave interference 
conditions found to be necessary by the designers of Bell-experiment sources. The model 
employs local quantum wave concepts without further use of hidden variables. 
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I. INTRODUCTION 
The Bell theorem and violation of Bell’s inequalities by experimentally acquired data sets 
have been believed to make the derivation of Bell correlations impossible without the 
existence of a perpetual entanglement based non-locality. However, it is shown in [1] that 
the mere existence of three or four data sets, whether their origin is in experimental 
observation or counterfactual prediction, implies cross correlations that identically satisfy 
the corresponding Bell inequality independently of whether the data are even random. 
The cross correlations of such data sets do not in general have the same functional form, 
except in special cases. In the quantum mechanical case, conditional probabilities due to 
non-commutation of measurements beyond one per particle produce sets of correlations 
that are different than those assumed by Bell.  (Note, if six or eight data sets are used in 
statistically independent pairs instead of the three or four on which the derivation of the 
corresponding inequality depends, it is unsurprising violated.)   
It thus follows that Bell’s assumptions in deriving the inequality are un-necessary: it 
holds under very general mathematical conditions without them. Of course, nullifying the 
Bell theorem does not automatically imply that a local model for the Bell correlation in 
the absence of entanglement is possible. However, since superimposed wave pairs 
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originating in spontaneous-parametric-down-conversion (SPDC) crystals become 
physically separated by experimental design, one is motivated to consider whether Bell 
correlations can be calculated by assuming photons in explicitly un-entangled local wave 
pairs resulting from physical source boundary conditions.  
The current paper shows that such a calculation is possible. The correlations are 
computed from probabilities resulting from nonlinear optics, wave interference, and 
standard interpretations of quantum electrodynamics. Some of the waves contain photons, 
while others that are superimposed with them are treated as photon-empty, consistent 
with experimental design [2,3].  
The physical concepts used in the model rely heavily on interpretations of quantum 
electro-dynamics (QED).  In QED, the quantum states of electromagnetic waves consist 
of ground states and excited states.  The excited states are interpreted as wave-attached 
photons while the ground state is interpreted as a photon-empty vacuum. It is assumed 
below that the vacuum wave states may exhibit transient interference with the photon 
wave states.  Although a common interpretation of quantum mechanics is that light 
switches from a particle-like to a wave-like state depending on experimental conditions, 
there seems to be no reason why light cannot be considered to consist of waves and 
particles existing simultaneously, as this seems consistent with both experimental results 
and QED representations. 
In Sec. 2 below, counts are computed from squared absolute values of appropriate 
light-wave amplitudes [4].  Two pairs of orthogonally polarized waves (see Figure 1), 
one photon attached to each pair, are emitted by an SPDC source with an added path 
equalization component (see source design in [2,3]). Interference between polarization 
components of a photon-containing wave and an accompanying photon-empty wave 
occurs in coordinate systems rotated with respect to the original SPDC source system of 
coordinates.  The phases of waves are assumed to be statistically independent of their 
amplitudes, as is consistent with the phase uncertainty of single photon states.  Phase 
matching conditions of SPDC constrain phase sums, but allow phase differences that may 
fluctuate over successive waves. No mechanism is specified for the association of 
photons with waves beyond the formalism of QED [4].  
 The formalism of this paper begins in a way that is parallel to that used in [5].   
However, the physical and probability models evolve differently. 
 
II.  BELL CORRELATIONS FROM LOCAL SINGLE-PHOTON QED STATES  
Based on the geometry of type II SPDC sources for Bell correlation experiments [2,3], 
two amplitudes  
U1  and  

U2  are introduced representing Beams 1 and 2 of the Figure. 
These are complex vector amplitudes that result from super-positions of complex 
orthogonal vector components 	uiH , uiV , i =1,2 .  Thus,  
 
U1 = u1H iˆ + u1V jˆ                 (2.1) 
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and 
 
U2 = u2H iˆ + u2V jˆ  .                                           (2.2) 
Initial horizontal and vertical amplitudes are indicated by subscripts H and V that 
correspond to unit vectors iˆ  and jˆ respectively. The H and V components are both 
present in two secondary source regions labeled Beam 1 and Beam 2 in the figure as used 
in Bell experiments.  
The experimental requirements of nonlinear optics (phase matching and conservation 
of energy) are assumed so that pairs of photons are emitted at random, one photon per 
amplitude pair in each of Beams 1 and 2. Each beam thus has a photon containing 
amplitude component and an orthogonally polarized photon-empty component. From the 
requirements of SPDC type II, each emitted photon pair has either polarizations 1H-2V or 
1V-2H each occurring with probability one half, where the numerals indicate the beams 
into which the photons are deposited.  The laser pump intensity is adjusted so that two 
such events, i.e., four photons, rarely occur simultaneously.  
Four QED-ground-state waves to which two photons per emission event become 
attached are assumed to be initially present in the crystal. The SPDC crystals are 
configured to produce wave-pair components 1H1V and 2H2V, each containing one 
photon, that become Beams 1 and 2, and propagate in different directions to the separate 
polarization analyzer-detectors on sides A and B of Bell experiments. In the source 
crystal, phase matching occurs for both directions 1 and 2 due to the symmetry of the 
source crystal structure [2,3].   A compensator crystal, rotated 	900  with respect to the 
first, results in all the beams having traversed equal optical paths after exiting the 
assembly so that orthogonal component pairs in beams 1 and 2 may exhibit interference 
in analyzer outputs.    
Due to the experimental design used, the polarization beam splitters on sides A and B 
of a Bell experiment will be illuminated by beams having random polarizations. The 
polarization components in the transmit-reflect directions will be linear combinations of 
the components of the orthogonal pairs 1H1V and 2H2V indicated above. 
The action of polarization analyzers placed in each of Beams 1 and 2 is now 
computed. Transmit and reflect components of  

U1  and  

U2 depend on the angle of rotation 
of the analyzer with respect to the iˆ  direction.  Orthogonal unit vectors in the (n) and (p) 
directions of the two analyzers are 
 nˆln = cosθliˆ + sinθl jˆ ,  nˆlp = −sinθliˆ + cosθl jˆ   l = 1,2 . (2.3) 
From these, one obtains the analyzer’s transmitted and reflected complex output 
amplitudes based on inputs (2.1) and (2.2): 
 	 Uln ≡
!
Ul ⋅nˆln =ulH cosθl +ulV sinθl 	,		
Ulp ≡
!
Ul ⋅nˆlp =−ulH sinθl +ulV cosθl .  l= 1,2 (2.4) 
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The intensities of the analyzer output components n and p for each of the inputs  
U1  
and  

U2  are given by  
 Iln =UlnUln*  ;   Ilp =UlpUlp*    l = 1,2 .   (2.5) 
The intensities are defined by counts using energy units. Inserting (2.4) into (2.5), yields 
analyzer 1 outputs 
 I1n = I1H cos2θ1 + I1V sin2θ1 + I1H I1V cos(θ1H −θ1V )sin2θ1   (2.6) 
and 
 I1p = I1H sin2θ1 + I1V cos 2θ1 − I1H I1V cos(θ1H −θ1V )sin2θ1  , (2.7) 
where θ1H and θ1V are the phases of the complex amplitudes, u1H and u1V , respectively. 
The original source intensities at θ1 = 0  are then 	I1n(0)= I1H =u1Hu1H* ; I1p(0)= I1V =u1Vu1V* .For analyzer 2 one obtains 
 I2n = I2H cos2θ2 + I2V sin2θ2 + I2H I2V cos(θ2H −θ2V )sin2θ2             (2.8) 
and  
I2 p = I2H sin2θ2 + I2V cos 2θ2 − I2H I2V cos(θ2H −θ2V )sin2θ2 . (2.9) 
At 	θ2 =0, I2n(0)= I2H =u2Hu2H*  and 	I2p(0)= I2V =u2Vu2V* .. 
The equations may be simplified by using specifications of nonlinear optics [6] in 
SPDC:  
θ2H +θ1V = const + Δ2H ,
θ2V +θ1H = const + Δ2V ,
                                (2.10a) 
where the Δ ’s are additional phase shifts implemented by a wave plate used in 
experiments [2,3].  The difference of phases in the two beams is then 
 θ2H −θ2V = θ1H −θ1V + Δ2H − Δ2V .  (2.10b) 
The conditionΔ2H − Δ2V = π , experimentally implemented is used so that 
 θ2H −θ2V = θ1H −θ1V +π   (2.10c)   
When (2.10c) is used in (2.6-2.9), one obtains 
	
I1n = I1H cos2θ1+ I1V sin2θ1+ I1HI1V cos(θ1H −θ1V )sin2θ1
I1p = I1H sin2θ1+ I1V cos 2θ1 − I1HI1V cos(θ1H −θ1V )sin2θ1
I2n = I2H cos2θ2+ I2V sin2θ2− I2V I2H cos(θ1H −θ1V )sin2θ2
I2p = I2H sin2θ2+ I2V cos 2θ2+ I2V I2H cos(θ1H −θ1V )sin2θ2 .
   (2.11a-d) 
Since the phase differences are not determined by Equations (2.10a-c), the value of 	cos(θ1H −θ1V )  varies randomly over the interval +1 to -1 and averages to zero over multiple 
photon pair events, while 	cos2(θ1H −θ1v )  has the average ½. 
The individual intensity variables (2.11a-d) are now interpreted from QED to clarify 
their later use in computation of the Bell correlation. The use of QED concepts will be 
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illustrated for variables 	I1n  and 	I1p . Computations will be carried out under two 
alternative conditions based on the QED description of a single photon state: 
 	I1H = I2V =1  for photons, 	I1V = I2H =1/2 for the vacuum, 
or 	I1V = I2H =1  for photons, 	I1H = I2V =1/2  for the vacuum, 
 
each condition occurring with probability ½ over multiple photon-pair emission events. 
Angle 	θ1H −θ1V  is replaced by θ , and as stated above 	cosθ =0  over multiple photon events, 
assuming phase variations consistent with nonlinear optics.   
The phase of single photon states is highly uncertain [4] in QED also. Since beam 
intensities are measured by photon occurrences, the intensities corresponding to photon 
pair production events 1H2V and 1V2H are equal: 	I1H = I2V  and 	I1V = I2H , respectively. 
Beam pairs without photon occurrences are assumed to be equal also and in accordance 
with QED to have intensity ½.  The corresponding beam amplitudes are given by the 
square roots of the intensities.  
The mean of 	I1n  under the above source specification is given by 
	 
I1n = 12 1cos2θ1+(1/2)sin2θ1+1i1/ 2 cosθ sin2θ1( )1H
+
12 (1/2)cos2θ1+1sin2θ1+1i1/ 2 cosθ sin2θ1( )1V , .               (2.12a)  
where  subscripts on the parentheses indicate which input variable equals 	1 . Similarly, 
the mean of 	I1p  is 
 	 
I1p = 12 1sin2θ1+(1/2)cos2θ1 −1i1/ 2 cosθ sin2θ1( )1H
+
12 (1/2)sin2θ1+1cos2θ1 −1i1/ 2 cosθ sin2θ1( )1V ,   (2.12b) 
Variables 	I1n and 	I1p  are intensities resulting from single photon probabilities, fractions of 
vacuum wave intensities, and interferences between the two. Pure vacuum state 
intensities cannot be seen by photon detectors, although effects of their interference with 
photon states can.  The correlation of 	I1n and 	I1p  is now computed for individual 
conditions 1H and 1V, that occur with probability ½, respectively:  
	 
I1nI1p 1H = 1cos2θ1+(1/2)sin2θ1+1i1 2cosθ sin2θ1( )1H i 1sin2θ1+(1/2)cos2θ1 −1i1 2cosθ sin2θ1( )1H
=1i1cos2θ1 sin2θ1+1i(1/2)cos4θ1+(1/2)i1sin4θ1+(1/2)2sin2θ1 cos2θ1 −(1/2)cos2θ sin22θ1
=1i1cos2θ1 sin2θ1 −(1/2)cos2θ sin22θ1 =0,      (2.13a) 
where first power terms in 	cosθ =0 have been set to zero. Similarly 
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I1nI1p 1V = (1/2)cos2θ1+1sin2θ1+1i1 2cosθ sin2θ1( )1v × (1/2)sin2θ1+1cos2θ1 −1i1 2cosθ sin2θ1( )1v 1v
=(1/4)cos2θ1 sin2θ1+1i(1/2)cos4θ1+(1/2)i1sin4θ1+1i1sin2θ1 cos2θ1 −(1/2)cos2θ sin22θ1
=1i1sin2θ1 cos2θ1 −(1/2)cos2θ sin22θ1 =0. (2.13b) 
The evaluation of Equations (2.13a,b) has been carried out so as to be consistent with the 
response of two separated detectors, each assumed to have an efficiency of 1 for 
detection of photons but to be blind to vacuum waves.  As a result, terms having a 
coefficient consisting of a single or no 1’s multiplied by a factor of ½ are dropped since 
they correspond to the possibility of activation of only one detector or none. The term 
with two 1’s in the coefficient, multiplied by the probabilities of detection by alternate 
detectors, is exactly canceled by the interference term. Thus, 
 	 I1nI1p = I1nI1p 1H + I1nI1p 1V =0 ,  (2.14) 
each term occurring with probability ½, consistent with the conclusion that on average, 
photons arrive at either detector 1n or detector 1p, resulting in a count correlation of zero.   
It should be noted that the interference terms in Equations (2.11a) and (2.11b) are of 
opposite sign, as are the resulting fluctuations of intensities 	I1n  and 	I1p that ultimately 
specify the average count rates at detectors 1n and 1p. Since each detector receives an 
average of half the photons created, the average of 	I1n + 	I1p  equals 	1 .    
The assumption (indicated by experimental observation) that vacuum waves may 
interfere with photon bearing waves so as to affect the probability of photon detections, 
yields reasonable results in the above calculations.  It should be noted that the different 
interpretations of photon and non-photon terms follow from the experimental result that 
photons are not divided at beam splitters while wave intensities are divided. Thus for a 
photon wave, sine and cosine squared terms must be interpreted as probabilities of 
photon deflection, but for a vacuum wave they should be interpreted as wave intensity 
division. A further interpretation is that the photon is a soliton like object attached to a 
wave, whereas the vacuum state acts as a wave without a particle.  
The same interpretation of the photon pair production process used above may be 
used on the other equations of (2.11a-d).  From the photon probability variables given in 
(2.11 a-d), one may compute the joint intensity or photon count correlations in terms of 
products such as 	I1nI2p .  As above, since 	θ1H −θ1V =θ  is assumed to vary randomly over 	2π  
from event to event, 	cosθ =0 , but its square equals ½ in product terms. Starting from 
(2.11a,b):  
 	
I1nI2p = I1HI2H cos2θ1 sin2θ2+ I1V I2V sin2θ1 cos2θ2+ I1HI2V cos2θ1 cos2θ2
+I1V I2H sin2θ1 sin2θ2+ I1HI1V I2HI2V cos2θ sin2θ1 sin2θ2 .  (2.15)  
where averaging has already been applied to 	cosθ  terms in (2.15). 
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The further evaluation of (2.15) will be shown in detail to illustrate the use of the 
SPDC generation of photon pairs under the QED model: 	I1H = I2V =1, I1V = I2H =1/2  or 	I1V = I2H =1,  	I1H = I2V =1/2 ,  each with probability ½.  Then 
 
	
I1nI2p = 12 1⋅12cos2θ1 sin2θ2⎡⎣⎢ +12 ⋅1sin2θ1 cos2θ2+1⋅1cos2θ1 cos2θ2+12 ⋅12sin2θ1 sin2θ2+
+ 1⋅ 12 ⋅ 12 ⋅112sin2θ1 sin2θ2 ⎤⎦1H2V +12 12 ⋅1⎡⎣⎢ cos2θ1 sin2θ2+1⋅12sin2θ1 cos2θ212 ⋅12cos2θ1 cos2θ2+1⋅1sin2θ1 sin2θ2++ 12 ⋅1 1⋅ 12 12sin2θ1 sin2θ2 ⎤⎦1V2H .
 (2.16) 
The square brackets’ subscripts indicate the alternative ways that two photons may occur, 
each with probability ½. The terms that imply the possibility of one photon being 
contributed to each of 	I1n and 	I2p  are those having a product of two 	1's in their 
coefficients.  These terms are the third term in the first square bracket, the fourth term in 
the second bracket and the two interference terms involving square roots, one from each 
bracket. The contributions from these terms add to 
 	
I1nI2p = 12⎡⎣ 1⋅1cos2θ1 cos2θ2+1⋅1sin2θ1 sin2θ2+2sinθ1 cosθ1 sinθ2cosθ2 ⎤⎦
=
12cos2(θ1 −θ2).   (2.17a) 
From similar analysis, one computes the other correlations: 
 	I1pI2n = 12cos2(θ1 −θ2); I1nI2n = I1pI2p = 12sin2(θ1 −θ2) .  (2.17b) 
By attaching minus signs to the 1p2n and 1n2p averages one obtains the same result as 
computed from entanglement, 
 	−I1nI2p − I1pI2n+ I1nI2n+ I1pI2p =−cos2(θ1 −θ2) ,    (2.18) 
which is the Bell correlation.  
It is useful to re-derive (2.18) in an alternate way to illustrate the internal consistency 
of the method. The definition of functions 	S1(θ1)  and 	S2(θ2)  is  
 	S1(θ1)= I1n − I1p =(I1H − I1V )cos2θ1+2 I1HI1V cosθ sin2θ1S2(θ2)= I2n − I2p =−(I2V − I2H )cos2θ2−2 I2V I2H cosθ sin2θ2 .   (2.19) 
Computations are again carried out under alternative QED conditions 	I1H = I2V =1,  	 I1V = I2H =1/2 , and 	I1V = I2H =1,  	I1H = I2V =1/2 , each with probability 1/2 .  Consistent with 
this, one obtains 
 	
S1 = (I1n − I1p) = 12(1cos2θ1+2⋅1⋅1/ 2cosθ sin2θ1)1H
+
12(−1cos2θ1+2⋅1⋅1/ 2cosθ sin2θ1)1V =0 ,  (2.20) 
since 	cosθ =0  over multiple count pairs. Similarly, 	S2(θ2)=0  and 	S12 = S22 =1 . One may now  
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calculate the Bell correlation as a multi-event average and replace first power terms 
involving  	cosθ  with zeros: 
 
	
S1(θ1)S2(θ2)= −(I1H − I1V )(I2V − I2H )cos2θ1 cos2θ3−4 I1HI1V I2V I2H cos2θ sin2θ1 sin2θ2
=
12 (−1)(1)cos2θ1 cos2θ3−41212sin2θ1 sin2θ2⎡⎣⎢ ⎤⎦⎥1H2V +12 (1)(−1)cos2θ1 cos2θ3−41212sin2θ1 sin2θ2⎡⎣⎢ ⎤⎦⎥1V2H
=−cos2(θ1 −θ2) .
 (2.21) 
Thus, the methodology used to compute the Bell correlation gives consistent results 
under the assumptions used to derive it: factors corresponding to photon pairs have 
intensities 	1  as specified by QED while interfering waves have intensities ½.  The latter 
do not contribute to observed counts except as they interfere with waves corresponding to 
counts. 
In the above model calculation that results in the Bell correlation, differences in 
fluctuations from those occurring in the use of entangled states occur. This is due to the 
interference terms that average to zero over multiple counts but not necessarily over 
single counts.  However, if 	cosθ =0 over single photon impulses, as would be the case for 
some specific wave forms, the fluctuations would in turn be affected.  
 
III. PHOTON-VACUUM INTERFERENCE IN INTERFEROMETRY 
Given the novelty of the above treatment of Bell correlations it is useful to realize that 
a parallel treatment is suggested by the Wheeler experiment recently carried out by 
Jacques, et. al. [7].  That experiment may be interpreted as an example of a photon wave 
using one path or the other of a two-beam interferometer with a vacuum wave occupying 
the photon-empty path.  The two waves interfere at the output of a second beam splitter 
on assuming that the phase difference is stable between waves from photon event to 
event, depending only on the path difference. (This is in contrast to the Bell model above 
for which the phase difference varies randomly between events.)  The visibility of 
interference fringes must be adversely affected if one arm has an intensity of 1, while the 
other has an intensity of ½.  Under this condition the amplitudes of the beams are 1 and 	1/ 2 .  The intensity of the interference is than proportional to 
 	I =(A1+A2)(A1* +A2* )=|A1 |2 +|A2 |2 +2|A1 ||A2 |cos(θ1 −θ2)  , (3.1) 
where the phase difference of the two amplitudes, 	θ1 −θ2 ,  varies with the path difference 
between the arms.  For the amplitudes given, the intensity becomes  
 	I =1+1/2+ 2cos(θ1 −θ2) .  (3.2) 
where the photon and vacuum are assumed to switch arms at random.  The resulting 
visibility as defined by 	(Imax − Imin )/(Imax + Imin )  is equal to  
 	(3/2+ 2)−(3/2− 2)(3/2+ 2)+(3/2− 2) = 2 23 = .943   (3.3) 
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The photon-empty wave, in the current situation coherent with the photon-attached wave, 
alters photon detection. In the experiment of Ref. [7], the visibility of the fringes was 
found to be 94% which was interpreted as being due to minor alignment errors.  Further 
experiments with low photon rate waves from various sources will be necessary to 
determine if visibility is affected by photon-wave vacuum-wave interference for some 
sources. 
 
IV. CONCLUSION 
A number of authors have found reason to question the Bell theorem [8].  The theorem is 
purported to be a proof that no local hidden variable model of the Bell correlation can be 
constructed.  The fact that the Bell inequality must be identically satisfied by any data 
sets measured experimentally or from counterfactual prediction, invalidates the theorem 
since it follows that quantum mechanical data, once obtained and cross-correlated cannot 
violate the inequality.  Nevertheless, invalidation of the theorem does not in itself imply 
that local physical models not explicitly computed from entanglement exist for the 
correlations.  
The present work develops a local probability model for the Bell correlation using 
explicitly separated waves and boundary conditions based on nonlinear optics and QED. 
An important result of the model used in the derivation is that transient interference 
occurs between quantum ground state waves and first excited state waves that are 
associated with photons.  This transient interference, consistent with observed 
experimental requirements, plays a crucial role in the production of the Bell correlation of 
photon counts from the local separated waves of the model.  Although the Bell 
correlation results from observation of multiple counts, statistical fluctuations beyond 
those resulting from entangled states are indicated. 
The model succeeds in producing the Bell correlation by implementing requirements 
of nonlinear optics, and a probabilistic interpretation of QED parameters of light waves. 
The explicit assumption of two local separated pairs of waves, one wave of a pair 
identified as containing a photon, the other as a vacuum state with which it interferes, 
plays an essential role in the model.  The model uses local variables of QED and wave 
optics and does not invoke additional hidden variables.  
.  
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Fig. 1, Output light cones of an SPDC in type II configuration (see Ref. [3]).   In 
experiments, two apertures at the intersections of the light cones indicated result in 
formation of unpolarized  beams 1 and 2 used in Bell experiments. 
